Vibrational spectroscopy (Raman and FTIR) has played an important role in identifying pigments, substrata and deterioration products in rock art studies worldwide: in the laboratory and on-site. However, the detection of organic binders and carrying agents has so far been scarce and the quality of many spectra recorded on-site inadequate. In this study, possible pigments (charcoal, ochre, raptor faeces, thermally treated ostrich egg shell, etc.), binders (fat, egg, blood) and carrying agents (saliva, gall, egg, water) were selected based on artistic considerations and analysed with FTIR and Raman (514.6 and 785nm excitation, both available in mobile instruments) spectroscopy in order to determine usable marker bands for each ingredient. The resultant marker bands were then used to analyse five San replica paints. It was found that FTIR spectroscopy is very efficient to identify organic compounds as there is no fluorescence but the broadness of the bands inhibits the exact assignment of many ingredients. A high fluorescence background experienced for many natural products prevented the recording of Raman spectra for all ingredients, in many instances though the sharp peaks usually associated with Raman spectra make identification easier than with FTIR spectroscopy. Most of the ingredients in the paints could be identified, but it is clear that better results are obtained when more that one technique is used.
Introduction
Rock art has been a topic of study in many parts of the world over a long period of time and vibrational spectroscopy (Raman and FTIR) has played an important role in identifying pigments, substrata and deterioration products (Bonneau et al., 2012; Edwards et al., 1998 Edwards et al., , 1999 Edwards et al., , 2000 Hernanz et al., 2006 Hernanz et al., , 2008 Hernanz et al., , 2010 Hernanz et al., , 2012 Goodall et al., 2009; Lufromento et al., 2012; Prinsloo et al., 2008; Smith et al., 1999; Zoppi et al., 2002) . The advent of portable instruments has added the extra bonus of performing analyses on-site, making it possible to study paintings of choice in their original setting, with a non-destructive and non-invasive technique (Lahlil et al., 2012; Olivares et al., 2012; Ravindran et al., 2013; Tournié et al., 2010) . This was a great breakthrough as previously, only paint on shards that have detached from the rock face or samples collected from the paintings, a practice to be avoided, could be studied. However, although inorganic pigments/deterioration products such as ochre, manganese oxide, calcite, sulphate etc. have been detected through their Raman spectra in many rock art studies (in the laboratory and on-site), the detection of organic binders and carrying agents have so far been scarce and the quality of many spectra recorded on-site not very good. The improvement of detection techniques is therefore of the utmost importance for all scientists interested in studying rock art.
The greatest interest is for on-site analyses and as the planning and execution of such expeditions are expensive with limited time, there is a need to determine beforehand the most efficient methods to analyse the art and to predict what to expect in the paint.
The paint used by Bushman/San cave artists consists of both inorganic and organic components such as pigments (charcoal, manganese oxide, haematite, goethite, clay …), carrying agents (saliva, gall, egg, plant sap, water) and binding agents (fat, egg, blood, plant resin) (Bassett, 2001; Johnson, 1957; Rudner, 1983) .
According to ethnographic records and oral traditions the ingredients were selected not only for their colour and adhesion properties, but also for symbolic reasons. Eland blood for example, was used to add strong spiritual potency to the paintings (LewisWilliams, 1985; Lewis-Williams and Dowson, 1990) .
In this preliminary study the tools and ingredients available to San/Bushman cave artists were identified and possible paint mixtures formulated. The paint samples were then tested for viability by replicating San rock paintings ( Fig. 1 ), using only ingredients and implements (such as brushes) made from material collected in the South African veld (Bassett, 2001) . In other words the paints were tested from an artistic perspective, which has not been done before, although quite a few scientists have experimented with paints and many suggestions have been made about the ingredients used by San artists (Rudner 1983 , Johnson 1957 . Not all the ingredients previously suggested make viable paints though. Combinations also do not always work e.g. water or plant sap will act as a good carrier when added to an egg or blood formulation, but will be ineffective with fat-based formulations. Flow properties, mixing ability, colour density, durability and compatibility with the surface to which they are applied are important from an artist's view and the paints were tested in this regard (Fig. 2) . Some of these raw ingredients that may have been used by San artists were selected and infrared and Raman spectra (514.6 nm and 785 nm excitation representative of the lines used in (ultra) mobile Raman instruments were recorded.
The aim of this study was to identify marker bands for each ingredient. Spectra were then recorded for one red, one yellow, two white and one black paint-mixture and the marker bands used to identify the raw ingredients in the paints. This made it possible to select the most efficient method to detect a specific ingredient in paint. 
Materials and Methods

Raw materials: pigments
The symbolic and practical use of ochre in Africa since pre-historic times is well established (Rifkin, 2012 , Wadley 2005 , Wadley et.al. 2004 ) and its use as pigment is confirmed by the recent discovery of a 100 000-year-old ochre-processing workshop at Blombos Cave, South Africa (Henshilwood et al., 2008) . Ochre, bone, charcoal, grindstones and hammerstones form part of this production toolkit and a liquefied ochre mixture was found stored in abalone shells. Therefore, the use of ochre as pigment was common practice and today is still used to produce red and yellow earth colours. Ochres have been studied extensively using Raman spectroscopy and pigments from different sources give slightly different spectra, depending on the composition of local clays (Froment et al., 2008 , Hernanz et. al. 2008 , Gialanella et. al. 2011 . The ochres used in this study (yellow and red) are from the Wonderwerk cave in the Northern Cape, an archaeological site with an occupation history since the Middle Pleistocene Age (Avery, 2007) . Ethnographic records and oral tradition suggest that San artists preferably used specularite, a crystalline form of haematite that is steel-grey/iron black in colour with a metallic sparkle, for their red paint. The specularite used in this study originates from Blinkklipkop, a prehistoric mine where mining began some time before 800 AD by the San and Khoi then later Tswana communities as it was also highly prizes as cosmetic (Thackeray et al., 1983) .
Black pigments obtained from natural sources that has previously been detected in prehistoric rock art is either charcoal or manganese oxides, but in San rock art so far only carbonaceous material has been detected. White clay is relatively scarce in South Africa and other sources for white pigment were investigated. Raptor faeces are brilliantly white and soft to work with and make an excellent paint. Experimentation showed that calcined ostrich egg shell powder (96.5% calcite, 2.7% organics) makes an excellent paint and after combustion consists of nearly pure calcium oxide, which easily converts to calcium hydroxide and after time to calcium carbonate (Bezuidenhout et al., 2010) . Bone white is another possibility for white pigments or lightener and has been in use all over the world since ancient times. Hyena dung is pure white (Fig. 3 ) and another source of white pigment and is found all over South Africa as the occurrence of hyenas are widespread. 
Raw materials: Binding and carrying agents
The paints analysed in this study were formulated after extensive experimentation with natural materials. In Fig. 2 some of the experiments, where different aspects of various paint mixtures were tested, are illustrated. Fig. 2a&b demonstrates the different colour gradations that are possible using only four natural pigments. In Fig. 2c different paint mixtures were tested for colour fastness by applying the mixtures namely (1) ochre, fat, blood; 2) ochre, fat, egg; 3) ochre, water; 4) ochre, egg, blood; 5) ochre, fat, gall and 6) ochre, fat, gall, blood to a sandstone rock surface. The bottom half of each paint rectangle was then abraded with water and sand and in Fig.2d it can clearly be seen that animal fat and a mixture of fat and egg are the best binding agents (rectangles 2, 5 and 6). Various brushes made from natural material were tested for the ability to draw the fine lines typical of San rock art using the paint mixtures ( Fig. 2e&f ) and the brilliance of the white paint mixtures were tested against commercial paints ( 
Paint samples
Five different paint samples prepared ten years ago and used to paint life size replica paintings ( Fig. 1) were selected for analyses. The different ingredients used to make the paints are listed in Table 1 and the preparation method of the paints is documented in a CNRS images film "Spotlight on San paintings" (Ronat, 2012) . to record spectra with 785 nm excitation. This instrument has a resolution lower than the first instrument but rather similar to the best portable Raman spectrometers (Colomban, 2012) . The 100x or 50x objectives of an Olympus microscope was used 
Experimental detail
to focus the laser beam on the samples. Objectives optimised for the IR range were used for the 785 nm excitation.
Infrared spectra were recorded using a diamond ATR cell, which fits in the macro sample compartment of a Vertex 70v (Bruker Optics) spectrometer. The sample compartment was evacuated during acquisitions and the contact area between the sample and the diamond ATR crystal is 2 mm diameter. Spectra were recorded with 32 acquisitions at 4 cm -1 resolution over a spectral range of 4000-400 cm -1 .
GS/MS spectra were recorded using a GC/MS HP 5890 instrument. The analytical procedure used to identify minor quantities of proteins has been described by A. Derieux et al. (2001) and Marinach et al. (2004) . The experiment was carried out using gas chromatography/mass spectrometry ions traps after hydrolysis and derivatisation by ethyl chloroformate of the binder.
Results and discussion
FTIR
In Figure 4 spectra of possible carrying agents (blesbuck gall, egg, blood) and binding agents (animal fat and egg) are shown. The two top spectra are both of animal fat, but the fat of the uppermost spectrum was liquefied by heating, in order to make it possible to blend into a paint mixture. Prominent bands in all the spectra, except the heated fat, are the amide I ( C=O stretching mode) and amide II (bending vibrations from C-N mode) bands typical of proteins (Gallagher website) . The presence of these two bands in a spectrum could indicate the presence of a protein, but identifying the origin of the protein would be difficult based on these two bands only. In the spectrum of heated animal fat the amide I and II bands have disappeared (due to the separation of protein and fat upon heating) and the spectrum has characteristic bands at 1740 cm -1 (carbonyl stretch), 1466 cm -1, (CH 2 and CH 3 bending), 1175 cm -1 (C-O stretching)
and 722 cm -1 (CH 2 rocking), which in combination would be good marker bands (Vandenabeele et al., 2000; Baeton, 1998) . The spectrum of blesbuck gall has a doublet at 1048 and 1073 cm -1 , which could be used as marker bands together with the presence of protein bands (Table 2 ). There are small differences between the spectra of human blood and egg white, but it would be difficult to distinguish between them in a natural sample. Egg white consists mainly of proteins such as albumen with less than 1% carbohydrates. In contrast the egg yolk consists of protein, cholesterol, carbohydrates and fatty acids as seen in the chromatograms presented in Figure S1 . The strongest bands in the chromatogram for egg yolk belongs to unsaturated fatty acids (oleic, linoleic and palmitoleic), as well as the saturated fatty acids (palmitic, stearic and myristic). This is reflected in the infrared spectra of egg yolk and white ( Figure 5 ). The egg yolk spectrum has a strong carbonyl band at 1744 cm -1 originating from cholesterol and fatty acids, a distinctive triplet at 1087, 1162 and 1232 cm -1 and the intensity of the CH 2 vibrations are much higher than for the egg white, due to the long chain fatty acids (palmitic and oleic acids). It is however most likely that the whole egg would have been used by the Bushmen, except for white paint where it is quite possible that egg white was selected. If both egg and fat are constituents of the paint there might be a problem distinguishing between them.
Spectra recorded for the pigments (raptor faeces, calcined ostrich egg shell, bone white, hyena dung, specularite, red, yellow and white clay) are presented in Figure 6 .
Raptor faeces consist mainly of uric acid and the strongest bands occur at 1658 (C=O stretch and H 2 O bending) and 1582 cm -1 (NH 2 asymmetric deformation). In a mixture these two bands might overlap with protein bands (see Fig. 6 ) and on their own not ideal marker bands for raptor faeces. However three prominent sharp peaks at 777
(CH 2 rocking), 742 (mixture of C-C stretch, N-H out-of-plane bending and C-N stretch of aromatic), 702 cm -1 (libr H 2 O) are quite characteristic of uric acid and in fact used to identify kidney stones (Wilson et. al. 2010) . The appearance of these peaks in combination with the peaks at 1658 and 1582 cm -1 can be used as marker bands for raptor faeces. the shells partly combusts the organic material (mostly protein) to carbon, which turns the shells grey to black and after complete combustion only CaO remains, a fine white powder and an excellent pigment (Bezuidenhout et al., 2010) . However, exposure to the atmosphere converts CaO to CaOH quite rapidly and then finally the CaOH reacts with CO 2 in the air to form CaCO 3 . It is therefore to be expected that in rock art paintings CaCO 3 will be the phase that is present. The two other white pigments are calcined bovine bone (bone white) and hyena dung. Bone white consists of crystalline phosphate and the FTIR spectrum has two strong sharp bands at 1020 and 562 cm -1 .
In contrast the spectrum of hyena dung, consisting mostly of digested bones, exhibits peaks in the same region, but broader and slightly shifted to lower wavenumbers, suggesting that the apatite have a low degree of crystallinity. The spectra of the three clay minerals exhibit strong bands between 900-1200 cm -1 originating from various Si-O stretch vibrations and have very characteristic peaks of OH stretch vibrations at 3620 and 3628 cm -1 characteristic of kaolinite (Madejova, 2003) which can be used to identify the presence of clay. However, the FTIR spectra of the three clays (white, yellow and red) from Wonderwerk cave are very similar and it will not be possible to distinguish between them as peaks originating from the clay minerals dominate the spectra and no clear signal of the pigments are detected. The specularite spectrum has a broad band at ~ 1000 cm -1 and a fairly sharp peak at 512 cm -1 , also observed in the three clay minerals. Charcoal has no specific peaks in the infrared and can therefore not be detected with FTIR spectroscopy. consists of raptor faeces, saliva, water and egg white. All the bands in the spectrum are exactly the same as for raptor faeces, water and saliva cannot be identified in an infrared spectrum and the egg white spectrum is obscured. Paint 4 is made up of egg and bone white. The amide and CH peaks (egg) are too faint to be easily observed in the figure, but can be identified by zooming in. The phosphate peaks are distinct. The spectrum of Paint 5 (charcoal, gall, egg, blood and saliva) was very weak and had to be multiplied to clearly observe the peaks. The amide peaks can originate from egg, blood or gall, but the presence of the broad peak in the region where the two marker peaks of gall is, implies that the greatest contribution to the spectrum is from gall. It also highlights the fact that in a paint mixture some peaks present in the raw material may be lost or broadened -making exact identifications difficult. In contrast to FTIR spectroscopy, where one spectrum represents the main composition of the bulk of a sample (analyses area in ATR cell 2 mm 2 and most of the ingredients contributing to the IR signature), recording Raman spectra of inhomogeneous material in many instances requires more that one spectrum to reflect the composition of a sample as areas analysed are typically 1-2 m 2 . This is an important fact to take into account during on-site measurements without the ability to observe the area under examination with a video camera. In cases like these it is suggested that the objective head should be moved in small steps recording many spectra on slightly different positions. Furthermore the Raman signature of ingredients highly depends on the chemical bond polarisability and a minor component may exhibit much stronger peaks than a major one. Both the red and green laser lines are representative of those available in a mobile Raman set-up (Colomban, 2012) . ( 2 , -C-C-stretching) and 1005 cm -1 ( 3 , -CH 3 in-plane rocking vibrations) (Withnal et al., 2003 Maguregui, M. et. al., 2012 . These peaks, previously observed in rock art paintings (Hernanz et al., 2008; Prinsloo et al., 2008; Tournié et al., 2010) are resonance enhanced with 514.6 nm excitation and provide ideal marker bands for egg yolk (or mixtures). However, a factor that has to be taken into account is that many lichen and bacteria are also coloured with carotenoid pigments and therefore care
should be taken to ensure that the correct conclusions are drawn. The peak at 1005 cm -1 overlaps with the very characteristic ring breathing mode of the protein phenylalanine at 1003 cm -1 (Spiro and Gaber, 1977) and therefore it is also a strong peak in the spectrum of the egg white, which consists mostly of proteins including phenylalanine (see Fig. S1 , where chromatographic data for egg yolk and white is given). In contrast, the spectrum recorded with the red laser line of the yolk is very similar to the egg white as no resonance enhancement occurs for red excitation. Green excitation is therefore optimal for detecting carotenoid pigments in rock art, but care
should be taken to interpret the information correctly. It was not possible to record spectra of blesbuck gall with either the 514.6 or 785 nm laser lines due to a too high fluorescence background (also not with a 532 nm laser line -not shown in the paper). Mixed into a fat mixture the fluorescence was still too high to record a spectrum with the green line. Using the red line a spectrum could be obtained with the laser set to a very low laser power, but the spectrum consisted only of bands originating from fat. It will therefore not be possible to detect the presence of gall using Raman spectroscopy. Similar to the FTIR data the heated animal fat spectrum differed from the raw fat (not shown), due to the separation of proteins and fats during heating (rendering). Marker bands for animal fat are 1738, 1653, 1438 and 1298 cm -1 (Fig. 9) . The spectrum of yellow marrow bone fat, which due to its consistency is an ideal fat to paint with, also displays the typical bands of a carotenoid pigment with green excitation. It would therefore be advantageous to use red excitation to distinguish between egg and fat, where the strong bands of the carotenoid pigments are eliminated. Raman spectra of the white pigments (hyena dung, bone white, heated ostrich egg shell, raptor faeces and white clay) are shown in Figure 10 . A baseline correction was made for all the samples to eliminate a high fluorescence contribution, which in general was higher for the green line than the red. The spectrum of bone white has a very sharp peak at 961 cm -1 , typical of a phosphate (Bell et al., 1997) . In the hyena dung spectrum the phosphate peak is broadened and shifted to lower wavenumbers (951 cm -1 ) similar as for the FTIR results and the peak at 1084 cm -1 shows the presence of CaCO 3 . The most intense peak in the powdered ostrich egg shell spectrum is at 3614 cm -1 , representing the OH stretch vibration of calcium hydroxide the main component of calcined ostrich egg shell. The two broad peaks typical of amorphous carbon (~1350, ~1600 cm -1 ) indicate that the combustion process of the organic phase in ostrich egg shell was not complete. The peak at 1084 cm -1 belongs to CaCO 3 . The
Raman spectrum of raptor faeces is basically the same as uric acid spectrum and the presence of the combination of peaks at 1650, 1405, 1038 and 625 cm -1 are excellent marker bands for this compound. It should be noted that the fluorescence was very high -again less pronounced using the red line. Four distinct peaks in the spectrum of the white clay are OH vibrations that appear between 3500-3700 cm -1 and similar to FTIR measurements would indicate the presence of a clay mineral. The bands below 1000 cm -1 overlaps with many other bands such as quartz and might be difficult to assign to a specific clay and it should be noted that not all clays will have exactly the same spectrum.
Figurre 10: Raman spectra of white pigments used in this study
In contrast to the FTIR spectrum of specularite the Raman spectrum (Fig. 11) consists of sharp peaks typical of a highly crystalline material and appear at the positions for haematite namely 225, 244, 296, 410, 500, 611 and 1317cm -1 (Froment et al., 2008) . Both green and red excitation gave good spectra, but there is a slight wavenumber shift of the peaks, due to pre-resonance conditions. It is also clear that the second order peak at 1315 cm -1 is resonantly enhanced in the spectrum recorded with the 514.6 nm laser line and in on-site measurements this is in many instances the strongest peak in the spectrum (Tournié et al., 2010) . It was very difficult to obtain good spectra of the yellow and red clay using either one of the laser lines. Anatase was detected in all three clay samples. The spectrum recorded of the pigment the red ochre (clay) differs quite a bit from the highly crystalline spectrum The very prominent O-H bands of kaolinite observed in the spectrum of the white clay is not present in this spectrum, probably due to the use of a very low laser power that was necessary for recording the red pigment. Similar spectra have previously been recorded of red paint on San rock art in the uKhahlamba-Drakensberg Park, where it was shown that the red ochre in the region contained both kinds of haematite (Prinsloo et al., 2008) . It is also quite likely that specularite, a scarce mineral, can be added to a basic recipe of red clay that was readily available to enhance the colour properties of the paint. In Figure 12 Raman spectra (514.6 nm) recorded on the paint samples are shown. It was not possible to record any spectrum of the sample containing raptor faeces with either red or green excitation due to excessive fluorescence. Two spectra of paint sample 1 (animal fat, egg and specularite) are presented in the figure and in both spectra the bands originating from specularite can be identified. In the top spectrum an organic phase is detected through the CH vibrations and in the second spectrum a band of -quartz is present. It is therefore clear that many spectra have to be recorded to obtain a clear picture of the composition of the paint (in many spectra only fluorescence was observed). The spectrum of paint sample 2 (yellow ochre and egg) has peaks typical of goethite (300, 390 cm -1 ) indicated with an asterisk on the figure. Very low laser powers was used to obtain the spectrum, but as the amorphous carbon peaks indicate it starting burning due to the longer exposure times used. No spectrum could be obtained from sample 3 (raptor faeces and egg white) with either of the laser lines. The phosphate peak at 961 cm -1 is quite strong in the spectrum of sample 4 (egg and bone white) and the presence of fat (or egg) is seen by the presence of CH vibrations and a small peak at 1440 cm -1 . Sample 5 has charcoal as colouring agent and only the amorphous carbon peaks are observed. An interesting observation was made by recording Raman spectra of fresh egg yolk and a mixture of fresh egg yolk and specularite (Fig. 13) . In this instance peaks from both ingredients can be clearly distinguished in the spectrum of the mixture. It might be an indication that the aging process of paint may have a great influence on the possibility to detect it using Raman spectroscopy. This is an aspect that will have to be investigated in the future. The possibility that ingredients were added to the paint for symbolic reasons motivated the recording of a spectrum of cobra venom as it seams reasonable that it could have been added on painted arrowheads to imitate real hunting practices. In Figure 14 the FTIR and Raman (514.6 and 785nm excitation) spectra of the venom are given. Snake venom is a complex mix of hundreds, even thousands of proteins (toxic and non-toxic) and the spectra a reflection of this complexity. The two Raman spectra have bands at the same positions, but it is clear that in the spectrum recorded with the green line the CH vibrations are much stronger. The FTIR spectrum is dominated by protein bands without many distinguishing features. The peaks in the Raman spectra in general are sharper and the occurrence of the amide I band at 1672 cm -1 is indicative of protein antiparallel- structure. This is typical of Cobramine B, a basic protein from cobra venom, and a good marker band as not one of the other ingredients have a band in this region (Yu et al., 1973) . 
GCMS
In order to assign the bands in the spectra of white and yolk GCMS spectra were recorded and different components identified. The paint samples were mixed to prepare viable paints and no exact measurements of added ingredients were undertaken. Therefore the paints were also controlled with GCMS to ascertain if expected ingredients are effectively present in the paints. Examples can be seen in Figure S1 , where it is clear that the quantity of egg in Paint 1 is more than in Paint 2. (Ostrooumov M. 2009) . A smooth surface is however necessary to obtain good spectra and for rock art analysis where organic material might also be present a transmission-reflectance spectrum will be obtained, which is quite difficult to interpret.
Conclusion
Although in many instances problems experienced with a high fluorescence background was less for 785 nm excitation, Raman spectroscopy using green excitation still proves to be the more versatile and most organic and inorganic ingredients could be identified. Experimentation to find ways and means to eliminate fluorescence has to be undertaken.
The studied replica paints are fresh or a few years old and we have illustrated that the freshly prepared mixtures are easier to analyse than the ten year old paints.
The next step will be to broaden the study to paints exposed to accelerated degradations conditions that mimic what happens to the rock art (UV, etc.). A further aspect that has to be taken into consideration is that the binders and carrying agents studied, mainly consists of proteins and lipids which are nutrients for all living organisms. In an open cave or shelter it is highly likely that the organic part of the paint may disappear as food source for insects, etc. Encapsulation of organic phases by inorganic crusts, such as oxalates, has made it possible to detect organic phases in these instances (Spades and Russ 2005, Díez-Herrero 2009) . Note that between different instruments a small variation in wavenumber positions might occur
